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The electronic states of isostructural single-component molecular conductors [M (tmdt)2] (M = Ni, Au, and Cu) are
theoretically studied. By considering fragments of molecular orbitals as basis functions, we construct a multiorbital
model common for the three materials. The tight-binding parameters are estimated from results of first-principles band
calculations, leading to a systematic view of their electronic structures. We find that the interplay between a ppi-type
orbital (L) on each of the two ligands and a pdσ-type orbital (Mσ) centered on the metal site plays a crucial role:
their energy difference controls the electronic states near the Fermi energy. For the magnetic materials (M = Au and
Cu), we take into account Coulomb interactions on different orbitals, i.e., we consider the multiorbital Hubbard model.
Its ground-state properties are calculated within mean-field approximation where various types of magnetic structures
with different orbital natures are found. An explanation for the experimental results in [Cu(tmdt)2] is provided: The
quasi-degeneracy of the two types of orbitals leads to a dual state where localized Mσ spins appear, and L sites show
a nonmagnetic state owing to dimerization. On the other hand, [Au(tmdt)2] locates in the subtle region in terms of the
degree of orbital mixing. We propose possible scenarios for its puzzling antiferromagnetic phase transition, involving
the Mσ orbital in contrast to previous discussions mostly concentrating on the L sector.
KEYWORDS: molecular conductors, single-component molecular metal, multiorbital system, Hubbard
model, first-principles band calculation, magnetism, metal-insulator transition, Mott insulator
1. Introduction
Molecular crystals composed of one molecular species
showing electrical conduction, i.e., single-component molec-
ular conductors (SCMC),1, 2 have been revealed to bear novel
electronic states. In particular, their multiorbital nature has
been recognized, which is different from the situation in
conventional charge transfer salts (CTS), where, in most
cases, only one molecular orbital (MO) contributes to their
electronic properties.3, 4 In fact, the involvement of different
MO is a consequence of the molecular design5 for realizing
SCMC: to make the energy difference between the frontier
MO small enough, so that their energy bands can overlap
when inter-molecular transfer integrals become sufficiently
large. Metal complex molecules of the form M (L)2 (M =
metal, L = ligand) are suitable for this purpose. Their fron-
tier MO are approximately bonding and antibonding combi-
nations of the pπ wave functions from the two ligands. Large
ligands lead to an effectively small transfer integral between
them and result in a small energy difference. Such a situation
indicates a two-MO system, which is also realized in some
CTS as notably discussed in M (dmit)2-based compounds.6, 7
The first SCMC in which metallic conductivity
was reported1 is [Ni(tmdt)2] (tmdt = trimethylene-
tetrathiafulvalene-dithiolate),8 whose resistivity decreases by
cooling down to lowest temperatures (T ). Direct evidence
of its metallic feature was given by the observation of
three-dimensional Fermi surfaces by de Haas-van Alphen
oscillations,9 whose results are consistent with first-principles
∗E-mail address: seo@riken.jp
band calculations.9, 10 Near the Fermi energy ǫF, there exist
two overlapping bands from different pπ-type MO and ǫF
crosses the overlapping area. Electron and hole pockets
appear, owing to the existence of an even number of electrons
in the unit cell consisting of one Ni(tmdt)2 molecule. This
is the success of the molecular design mentioned above. It
shows Pauli paramagnetic susceptibility,1 while isotropic
magnetoresistance suggesting the spin effect is observed11
whose origin remains unclear.
Since the discovery of [Ni(tmdt)2], many related com-
pounds have been synthesized. Among them, an isostructural
analog but with an odd number of electrons per unit cell,
[Au(tmdt)2],12 has been attracting interest. It shows an anti-
ferromagnetic (AF) phase transition with a transition temper-
ature TAF = 110 K,13, 14 which is exceptionally high among
molecular conductors. An intriguing point is that in the re-
sistivity, showing a metallic T -dependence down to low T
as well, no anomaly at around TAF is found.15 Furthermore,
the analysis of an NMR measurement14 suggests the magnetic
moment in this AF state to be rather large, i.e., on the order
of 1 µB. These features are distinct from the formation of a
spin-density-wave state due to the nesting of Fermi surface,
as frequently observed in CTS, where anomalies in transport
properties appear and typical values of the magnetic moment
are one order of magnitude smaller, or even less.4 Such a mag-
netic solution attributed to the pπ bands is actually stabilized
in first-principles calculations16, 17 as well as in a mean-field
(MF) study of an effective Hubbard model,18 which faces dif-
ficulties in explaining these experimental facts.
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Recently, another isostructural member [Cu(tmdt)2], hav-
ing an odd number of electrons per unit cell, has been suc-
cessfully synthesized.19 It shows a semiconductive behav-
ior in contrast to the two compounds above, and exhibits
an AF phase transition at TAF = 13 K, much lower than
in [Au(tmdt)2].19, 20 The T dependence of magnetic suscep-
tibility above TAF is ascribed to the behavior of the one-
dimensional (1D) spin-1/2 Heisenberg model with AF ex-
change coupling of about 150 meV,19 which is consistent with
the 1H-NMR nuclear spin-lattice relaxation rate (T−11 ) indi-
cating 1D spin dynamics.20 In this compound, in contrast with
the discussions above, a pdσ-type MO centered at the metal
site is suggested to lie close to the two ligands pπ orbitals, and
mix substantially. The charge transfer from the pπ-MO results
in a nearly half-filled pdσ-band.21 Then, the magnetic proper-
ties of [Cu(tmdt)2] are attributed to localized spins appearing
on the pdσ-MO.19, 20
In fact, the possibility that more than the two pπ-MO are
involved in the electronic states of SCMC was first proposed
for [Au(tmdt)2] on the basis of first-principles band calcula-
tions:16, 17 The pdσ- and pπ-MO mix slightly when forming
the electronic band structure, whereas the latter plays the ma-
jor role near ǫF. However, more recently, it has been inferred
from experiments that the orbital energy difference between
these MO is modified upon cooling by an unusual structural
variation, enhancing the mixing.22
Such multi-MO characters in SCMC can be captured by the
effective model approach based on tight-binding approxima-
tion, which has been successful in describing the electronic
properties of CTS and is now widely used.3, 4, 23 The observed
de Haas-van Alphen oscillations in [Ni(tmdt)2] are consis-
tent with the tight-binding picture.9 In ref. 18, we proposed
that the basis sets for the effective models of [Ni(tmdt)2] and
[Au(tmdt)2] can be taken as virtual orbitals whose wave func-
tions are parts of the relevant MO near ǫF, rather than the MO
themselves. In this paper, we extend our theoretical approach
to the newly synthesized [Cu(tmdt)2] and seek for a system-
atic view of the electronic states among the isostructural fam-
ily of [M (tmdt)2] (M = Ni, Au, and Cu).
In § 2, we set up our effective multiorbital Hubbard model
and derive tight-binding parameters by fitting the results of
first-principles band calculations. By considering a common
set of basis functions for the three materials, a systematic
view of the electronic states is achieved. Essentially, the trans-
fer integrals providing the structures of each band are similar
among the members, and orbital mixing is mostly governed
by the energy difference between the pπ- and pdσ-type or-
bitals.
Then, in § 3, by treating the on-site Coulomb interac-
tions within MF approximation, we investigate the ground-
state properties of models for [Au(tmdt)2] and [Cu(tmdt)2].
We will see that orbital mixing brings about phase diagrams
showing different magnetic states when Coulomb interactions
on the two types of orbitals are independently varied. In par-
ticular, a slight enhancement of mixing in [Au(tmdt)2] sug-
gested by experiments22 results in marked changes from our
previous results:18 The involvement of the pdσ orbital is sug-
gested.
Section 4 is devoted to discussions, especially on the mag-
netic transitions observed in the two compounds. Our results
are consistent with the picture that, in [Cu(tmdt)2], the pdσ-
MO carries 1D S = 1/2 localized spins, interpreted as a multi-
band Mott insulator. We discuss possible situations realized
in [Au(tmdt)2], from the viewpoint of doped Mott insulating
systems due to orbital mixing. A summary is given in § 5.
2. Effective Model
The wave functions that we chose as basis sets for the ef-
fective model of SCMC in our previous work18 are localized
on some portions of the molecules. They can be considered
as fragments of the MO, and then called the fragment MO
(fMO) in refs. 24–26, which we follow in this paper as well.
The original motivation to consider such decomposition
of MO was the results of first-principles calculations.16, 17
The spin-dependent calculation for [Au(tmdt)2] indicates a
stable AF pattern where spins align oppositely within each
molecule. To understand this unusual situation, it was spec-
ulated that a ligand pπ-pπ transfer integral is larger be-
tween adjacent molecules than that within a molecule, which
is supported by the results of an analysis based on the
fMO approach.18 These features are consistent with the
molecular design5 mentioned in § 1 and imply that the
fMO approach gives an insightful picture of the electronic
states of SCMC. Such discussions have recently been elabo-
rated within quantum chemistry calculations,24–26 for (TTM-
TTP)I3 and [Au(tmdt)2]. It is shown that the two approaches,
the use of the MO and fMO pictures, can be transformed from
one to the other. We note that the fMO approach here and the
so-called fragment molecular orbital method applied to huge
molecules27, 28 share common concepts.
In the following, all first-principles calculations, includ-
ing those for MO of isolated molecules, are performed using
the computational code QMAS (Quantum MAterials Simula-
tor)29 based on the projector augmented-wave method30 with
the generalized gradient approximation.31 See refs. 17 and 21
for details.
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Fig. 1. (Color online) Molecular orbitals for M (tmdt)2 (M = Ni, Au, and
Cu) molecules, from which the energy bands in their crystals near the Fermi
energy are formed.16,17,21 Nonmagnetic wave functions and energy eigenval-
ues together with the electron occupation for isolated molecules are shown.
The rough spatial extensions of the Mσ, L, and Mπ orbitals explained in the
text are indicated.
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2.1 Molecular orbitals and fragment model
The band structures of isostructural SCMC near ǫF are
composed of several MO with similar characters upon
chemical modifications;2, 16, 17 this applies to the family of
[M (tmdt)2] including the new member M = Cu.19, 21 Four
MO which mostly contribute to the electronic bands near ǫF
are shown in Fig. 1.
They can be approximately reconstructed using three kinds
of fMO, which we call here Mσ, L, and Mπ. The Mσ and
Mπ orbitals are the p-d mixed wave functions, roughly being
an anti-bonding combination of the metal site dxy and dxz
orbitals, and the surrounding S 2p orbitals, respectively.32 The
relevant atomic d orbitals are 3d for M = Ni and Cu, and 5d
for M = Au. The L orbital is the pπ orbital which is similar
to the HOMO of the TTF molecule embedded in the ligands
(see ref. 2). There are two of them in one molecule, i.e., L1
and L2, one for each ligand; they are equivalent due to the
inversion center at the metal site.
In isolated molecules, the Mσ orbital does not mix with
other orbitals from their symmetry; thus, it is a MO itself, i.e.,
the pdσ-MO mentioned in § 1. As can be seen in Fig. 1, the
other three MO can roughly be described as linear combina-
tions of L and Mπ orbitals18 as φL1−φL2+c1φMpi, φL1+φL2,
and φL1 − φL2 − c2φMpi, where c1 and c2 are some coeffi-
cients24 (we omit renormalization factors).
In the fMO scheme, we consider these three kinds of or-
bitals as a basis set composing the band structures, and then
for the low-energy effective model. The two-MO case men-
tioned in § 1 corresponds to the situation where only the L
orbitals are considered. In ref. 18, we chose {L, Mπ} for
[Ni(tmdt)2] and {Mσ, L} for [Au(tmdt)2] to reproduce the
first-principles band structures near ǫF. Here, all {Mσ, L,
Mπ} are taken into account as a common set, in order to pro-
vide a systematic view of the compounds.
Our model Hamiltonian including local Coulomb interac-
tions reads:
H = H0 +Hint, (1)
H0 =
∑
〈l,m〉
∑
s
tlm
(
c†lscms + h.c.
)
+
∑
i
(
∆Mσ n
Mσ
i +∆Mpi n
Mpi
i
)
, (2)
Hint =
∑
i
{
UL
(
nL1i↑n
L1
i↓ + n
L2
i↑n
L2
i↓
)
+ UMσ n
Mσ
i↑ n
Mσ
i↓
+ UMpi n
Mpi
i↑ n
Mpi
i↓ + U
′
M n
Mσ
i n
Mpi
i
}
, (3)
where H0 and Hint represent the one-particle part, determin-
ing the band structure, and the on-site interaction, respec-
tively. In the first term of eq. (2), tlm denotes the transfer in-
tegrals between fMO, where the sum is taken for inter-fMO
pairs 〈l,m〉 including intra- and inter-molecular ones, and cls
(c†ls) denotes the annihilation (creation) operator for all kinds
of orbitals with fMO site index l and spin s =↑ or ↓. In the
second term of eq. (2), ∆Mσ and ∆Mpi are the orbital ener-
gies of the Mσ and Mπ orbitals, with respect to the L level.
The sum here, as well as in eq. (3), is taken for the molecule
index i, where the number operators are nois = cois
†cois and
noi = n
o
i↑ + n
o
i↓ with an orbital index o = Mσ, L1, L2,
or Mπ. The intraorbital on-site Coulomb interactions for the
three kinds of fMO are denoted as UL, UMσ , and UMpi. As for
the interorbital on-site interaction, we only include U ′M be-
tween Mσ and Mπ for simplicity, considering that these two
orbitals share the spatial extent while they are separated from
the L orbitals.33
2.2 Fitting to first-principles band calculations
The tight-binding parameters are obtained by a numerical
fitting to first-principles band structures for the nonmagnetic
state. In Fig. 2, we show the bands near ǫF, together with the
fitted tight-binding dispersions. The four bands originate from
the four MO, or equivalently, the four fMO; The unit cell con-
sists of one molecule. As for [Au(tmdt)2], calculations were
performed for both room-T and low-T (9 K) structures de-
termined experimentally, due to the indication of a structural
variation upon cooling,22 as noted above. In the calculations
for [Ni(tmdt)2] and [Cu(tmdt)2], the room-T structure param-
eters are used.
One can see that the top band in [Ni(tmdt)2] and the bot-
tom band in [Au(tmdt)2] are separated from the others. This
is the reason we previously used three-band fits (two kinds of
fMO).18 On the other hand, in [Cu(tmdt)2], all four bands are
overlapping, requiring a four-band fit for a reasonable agree-
ment with the first-principles band structure. Note that the to-
tal band widths of the four bands are about 1.7 eV (M = Ni)
> 1.6 eV (Au) > 1.3 eV (Cu).
The fitted tight-binding parameters together with the orbital
occupancies per site calculated from H0, i.e., 〈noi〉 ≡ n¯o (o =
Mσ, L, Mπ), are listed in Table I. The listed orbital energies,
∆0Mσ , and ∆0Mpi, are obtained by fitting the energy disper-
sions ofH0. By noting that the first-principles band structures
are obtained self-consistently including the Hartree contribu-
tions within the interactions, we can make a correspondence
between the fitted values and the orbital energies in eq. (1)
as18, 26, 34
∆0Mσ = ∆Mσ + UMσn¯Mσ/2 + U
′
Mn¯Mpi − ULn¯L/2, (4)
∆0Mpi = ∆Mpi + UMpin¯Mpi/2 + U
′
Mn¯Mσ − ULn¯L/2. (5)
The transfer integrals tlm show more or less similar val-
ues for all three members,35 which is due to the fact that they
are isostructural, as noted in our previous work.18 The Mσ or-
bitals have a large tlm only for the A bonds along the [100] di-
rection: they show a 1D structure. The L orbitals, on the other
hand, possess a two-dimensional network, where the inter-
molecular dimers are formed by B bonds. Their network is
schematically shown in Figs. 3(b) and (c); in the unit cell, the
two L sites from different molecules form L1-L2 dimers. The
degree of dimerization, represented by the intradimer transfer
integral, namely, that along the L1-L2 B bond, is largest in
[Cu(tmdt)2]. This dimerized structure resembles the situation
commonly seen in typical CTS, e.g., in TM2X and polytypes
of ET2X such as the κ and β-types.3, 4 Mπ orbitals, in con-
trast, do not have large tlm between them, but bridge L layers
mainly along the intramolecular bonds. They are appreciable
(0.1 - 0.2 eV) and then these two orbitals mix with each other.
The main differences between the three compounds are in or-
bital energy, which we will discuss in the next subsection.
3
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Fig. 2. (Color online) Tight-binding dispersions (lines) obtained by a fitting to first-principles band structure (dots) near the Fermi energy ǫF (dotted lines)
of (a) [Ni(tmdt)2], [Au(tmdt)2] for (b) room-temperature and (c) 9 K structures, and (d) [Cu(tmdt)2]. The dispersions are drawn between the Γ-point, and
X(π,0,0), Y(0,π,0), Z(0,0,π), S(π,π,0), U(π,0,π), T(0,π,π), and R(π,π,π)-points, and first-principles calculation data used for the fitting along them are
plotted.
Table I. Tight-binding parameters, tlm, and orbital energies from L level, ∆0Mσ , and ∆0Mpi , obtained by a fitting to first-principles band calculations. For
example, bond: A, site pair: L1-Mσ, denotes tlm along the A ([1,0,0]) bond between the L1 and Mσ sites belonging to the molecule at the origin (0, 0, 0)
and that at (a, 0, 0), respectively. As for notations for intermolecular bonds, see Fig. 3(a). tlm with large absolute values are shown by bold characters. Orbital
occupancies per site n¯o (o = Mσ, L, Mπ) are also listed.
bond site pair [Ni(tmdt)2] [Au(tmdt)2] [Au(tmdt)2] (9 K) [Cu(tmdt)2]
intra-mol. L1-L2 -61 meV -24 meV -27 meV -35 meV
A L1-L1, L2-L2 -86 -99 -98 -90
B L1-L2 221 207 222 250
Q L1-L2 131 109 129 134
P L1-L2 33 41 46 37
A L1-Mσ, Mσ-L2 37 33 41 14
B L1-Mσ, Mσ-L2 27 27 33 29
C L1-Mσ, Mσ-L2 -50 -25 -29 -24
R L1-Mσ, Mσ-L2 21 22 27 14
intra-mol. L1-Mπ, Mπ-L2 -200 -138 -127 -188
B L1-Mπ, Mπ-L2 0 30 35 20
C L1-Mπ, Mπ-L2 -22 -5 -22 -7
Q L1-Mπ, Mπ-L2 5 15 14 11
A Mσ-Mσ 82 95 98 96
A Mπ-Mπ -13 -23 -30 -19
B Mπ-Mπ 24 37 44 50
A Mπ-Mσ 53 -34 -14 -1
orbital energies
∆0Mσ 879 meV 522 meV 476 meV 181 meV
∆0Mpi -193 -612 -636 -377
orbital occupancies
n¯Mσ 0.02 0.03 0.09 0.86
n¯L 1.16 1.50 1.47 1.15
n¯Mpi 1.66 1.97 1.97 1.85
2.3 Systematic view of electronic structures
The orbital energies ∆0Mσ and ∆0Mpi together with the trans-
fer integrals determining the band structures, and the electron
numbers, 4 (M = Ni) or 5 (M = Au, Cu) in the four orbitals,
lead us to a systematic view of this family, as shown in Fig. 4.
The Mπ level is low in energy but mixes with the L bands
4
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Fig. 3. (Color online) [M (tmdt)2] viewed along the molecular long axis
(a) and schematic views of fMO model with lattice sites represented as cir-
cles [(b) and (c)]. The unit cell containing one molecule with four orbitals
is shown as gray lines, and notations for intermolecular bonds are indicated
whose correspondences are A [100], B [111], C [101], P [211], Q [001], and
R [011]. The two-dimensional network of L sites is shown in (b), perpendic-
ular to the plane, and in (c); the sites connected by the largest transfer integral
along the B bonds form dimers. See also Fig. 1 of ref. 18.
particularly in [Ni(tmdt)2] and [Cu(tmdt)2]; n¯Mpi deviates
from 2, as seen in Table I. However, as far as the main char-
acteristics of the electronic states near ǫF are concerned, the
Mπ orbital does not play an important role. Then, ∆0Mσ is
the essential difference among the three members, controlling
the orbital mixing between the Mσ and L orbitals. It becomes
monotonically small as M = Ni → Au (room-T )→ Au (low-
T ) → Cu. This gives rise to a crucial difference in the mag-
netic states of the Au and Cu systems, as will be shown in
§ 3.
The Mσ level in [Ni(tmdt)2] is high, and approximately 2
electrons enters the L level. The existence of two L sites in the
unit cell, which show dimerization as discussed in the previ-
ous subsection, results in band splitting, but not large enough
to generate a direct band gap. Then electron and hole pockets
appear and compose the Fermi surface. This is how the first
SCMC with a metallic character was realized.
Comparing the room-T and low-T structure parameters for
[Au(tmdt)2], the low-T data show slightly larger transfer inte-
grals than the room-T data especially in L-L pairs; this is nat-
urally expected from the thermal contraction. ∆0Mσ is reduced
by lowering T by about 0.05 eV, which is consistent with the
previous MO calculation.22 As a result, a fraction of electrons
in the L sites, nearly 3/4-filled in the room-T parameters, are
transfered to the Mσ orbital in the low-T parameters: {n¯Mσ ,
n¯L} = {0.03, 1.5} (room-T )→ {0.09, 1.47} (low-T ).
As for [Cu(tmdt)2], Mσ mixes more with L due to the fur-
ther reduction in ∆0Mσ , by about 0.30 eV smaller than the
low-T parameter for [Au(tmdt)2]. In particular, near ǫF, the
contribution of Mσ is appreciable,21 even though the orbital
level scheme shows a positive ∆0Mσ. This is because L or-
bitals have larger tlm with a two-dimensional character, while
the Mσ band is 1D; therefore, the former show wider bands.
The orbital occupancies are {n¯Mσ, n¯L} = {0.86, 1.15}, which
are substantially varied from the cases above. These features
are close to the situation in the MO scheme in Fig. 1: In
Cu(tmdt)2, the Mσ (pdσ) orbital is occupied with nearly one
electron.
Let us comment on the relation between our level
scheme and the nominal charges given as Ni2+[(tmdt)−]2,
Au3+[(tmdt)1.5−]2, and Cu2+[(tmdt)−]2. Their correspond-
ing occupations of metal d levels are Ni:(3d)8, Au:(5d)8,
and Cu:(3d)9, respectively. When one hypothesizes that the
Mσ and Mπ levels are ‘d’ levels of the metal atoms and
the L orbitals for the full charge of the ligands (namely,
omit p-d mixing, which is actually large), these nominal
charges correspond to, (Mπ)2[(L)1]2, (Mπ)2[(L)1.5]2, and
(Mπ)2(Mσ)1[(L)1]2, respectively, namely, a full-filled Mπ in
all compounds, and, (i) in M = Ni, a 1/2-filled L band, (ii)
in M = Au, a 3/4-filled L band, and (iii) in M = Cu, a 1/2-
filled Mσ band and a 1/2-filled L band. These are close to the
situations in Fig. 4.
3. Mean-Field Calculation
As mentioned in § 1, [Au(tmdt)2] and [Cu(tmdt)2] show
phase transitions to magnetically ordered states. Here, we
study their ground-state (T = 0) magnetic states where the
interaction terms in Hint [eq. (3)] are treated by MF approxi-
mation as noisno’is′ → 〈nois〉no’is′+nois〈no’is′ 〉−〈nois〉〈no’is′ 〉. Such
a MF treatment is suitable in seeking for possible different
states, as in our model here with multiple degrees of freedom.
In the calculations, we consider a supercell of 2a × 2b × 2c,
which includes {Mσ, L (L1 and L2), Mπ} × 8 orbitals [see
Fig. 5(a)].
We set the values of tlm to the fitted results in Table I, while
∆Mσ and ∆Mpi are adjusted by the conditions in eqs. (4) and
(5) when the interaction parameters are varied. Then the band
dispersions are unchanged within the paramagnetic metallic
(PM) solution. Namely, the orbital occupations in the PM
state, 〈noi↑〉 = 〈n
o
i↓〉 = 〈n
o
i 〉/2, are fixed at the values listed
in Table I as 〈noi〉 = n¯o. As for the magnetic solutions, we
relax the condition of fixed occupation and searched for self-
consistent solutions of the lowest energy in an unrestricted
manner within the periodicity of the supercell.
In the following, we set UMσ = UMpi = U ′M ≡ UM for
simplicity36 and vary UM and UL independently. In the whole
parameter range we sought, the Mπ orbital has a negligible
spin moment, i.e., it is magnetically inactive. Then the param-
eters UM and UL control the correlation effect on the Mσ and
L orbitals, respectively. One speculation we can make is the
relation UM ∼> UL, considering the d contribution to the Mσ
orbital as well as its smaller spatial extent than the L orbital.
Before presenting the results, we remark about two typical
AF solutions. The first is stabilized in the case of [Au(tmdt)2]
when UL is increased, whose nature was discussed in refs. 16
and 18. As shown in Fig. 5(b), spin moments appear only
on L sites; therefore, this state is represented as L-AF. The
spins are parallel within L1-L2 dimers connected by B bonds
5
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Fig. 4. (Color) Energy diagram of orbital energies based on Table I, with respect to Fermi energy ǫF, together with approximate electron occupancies: 4
electrons for M = Ni and 5 electrons for M = Au and Cu in total, in the unit cell of one molecule having four orbitals. The degenerated L level (broken red line)
splits due to intermolecular dimerization; ∆ǫdimer represents the dimerization gap. The schematic density of states (DOS) is also shown for each orbital: Mσ
has a one-dimensional electronic structure, and the dimerization in L is respresented by a two-hump structure. Note that the orbital mixing is not considered
here. (See refs. 16, 17, 21 for the actual DOS by first-principles calculation.)
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Fig. 5. (Color) Schematic views of (a) unit cell containing four orbitals
with the red bar indicating the inter-molecular B bond in Fig. 3, and (b) and
(c) representative antiferromagnetic (AF) solutions projected on the ab plane
[see Fig. 3(c)]. (b) L-AF: spin moments appear only on L sites [dimer-AF
pattern with spin ordering vector qmag[L] = (π, 0, 0)] seen for parame-
ters of [Au(tmdt)2].16,18 (c) L&Mσ-AF: spins align in staggered AF man-
ner among L and Mσ sites for [Cu(tmdt)2] with common ordering vector
qmag[L] = qmag[Mσ] = (π, π, 0). In (d), schematic representations of elec-
tron occupancies realized in parameters for [Au(tmdt)2] and [Cu(tmdt)2] are
shown, respectively. ‘b.’ and ‘a. b.’ represent the bonding and antibonding
orbitals for an L dimer, respectively.
[see Fig. 3(c)] and antiparallel between dimers along inter-
dimer bonds denoted as A, P, and Q in Fig. 3(a). Their or-
dering vector is qmag[L] = (π, 0, 0). This pattern corresponds
to the dimer-AF spin order frequently appearing in 1/4-filled
CTS under dimerization.3 When the on-site Coulomb repul-
sion is sufficiently large, their staggered pattern can open a
gap at ǫF when the system is 1/4-filled in terms of either elec-
trons or holes, with each dimer carrying an effective S = 1/2.
Such a case is considered as the dimer-Mott insulating state.
In the case of the room-T parameters for [Au(tmdt)2], L bands
are 3/4-filled, without pronounced mixing with other orbitals.
Dimers are formed by intermolecular fMO sites, and spins on
two L sites in a molecule become antiparallel.16 The results
of the first-principles calculation16 correspond to the case of
relatively small UL , and the system remains metallic even in
the L-AF state.
On the other hand, in the case of [Cu(tmdt)2], a stable
AF pattern shows spin moments on both L and Mσ sites
when both UM and UL are large enough; it is then denoted
as L&Mσ-AF. As shown in Fig. 5(c), spins on L sites show
a staggered AF state, in which those connected with A, B,
and Q (see Fig. 3) bonds are antiparallel; the tlm values are
large along these L-L bonds, as shown in Table I. Spins on
Mσ sites are also staggered, with the common spin ordering
vector qmag[L] = qmag[Mσ] = (π, π, 0). This can open an
insulating gap when both L and Mσ bands becomes nearly
1/2-filled; both orbitals provide effective S = 1/2, and the AF
pattern corresponds to the Ne´el state configuration. Now, this
can be considered as a multiband Mott insulator, due to the
quasi-degeneracy of the two orbitals.
The two contrasting situations for large interactions are
summarized in Fig. 5(d), where schematic representations of
electron occupancies in the two cases are shown. In the case of
[Au(tmdt)2], localized spins appear on the antibonding orbital
of dimerized L sites. In contrast, in the case of [Cu(tmdt)2]
spins appear on each of the L sites as well as of the Mσ sites
as a result of orbital mixing.
3.1 [Au(tmdt)2]
In Fig. 6, we show ground-state phase diagrams for three
different parameter sets corresponding to [Au(tmdt)2]. Fig-
ures 6(a) and 6(b) are those with fitted results for the room-T
and low-T structures, respectively, in Table I. Besides them,
to see the effect of the reduction in ∆0Mσ more explicitly,
we artificially decrease it from its room-T value as ∆0Mσ →
∆0Mσ − 0.1 eV, while leaving the other room-T parameters
unchanged: This is shown in Fig. 6(c). The distinct states are
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Fig. 6. (Color) Mean field ground-state phase diagrams for [Au(tmdt)2].
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symbols represent insulating states.
indicated in the phase diagrams by different symbols summa-
rized in Fig. 6(d), together with their magnetic ordering vec-
tors. As can be seen there, the AF order on the L sites always
has the pattern shown in Fig. 5(b) with qmag[L] = (π, 0, 0).
By the reduction in ∆0Mσ, we indeed find a crucial difference:
The dimer-type AF insulating (AFI) state within the L orbital
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Fig. 7. (Color) Parameter dependences of expectation values of electron
density, 〈ni〉, and spin density, |〈ni↑〉 − 〈ni↓〉|, for each orbital site in
lowest-energy MF solutions for Au(tmdt)2 . (a)-(c) correspond to the cases
in Figs. 6(a)-6(c), respectively. The left (right) panels in (b) and (c) are for
a fixed ratio of UM = UL (UM = 2UL). qmag[Mσ] denotes the magnetic
ordering vector for Mσ sites that changes at the parameters indicated by the
broken lines. (qmag[L] is always (π, 0, 0), as shown in Fig. 6(d).)
discussed above [filled symbol in Fig. 6(a)] stabilized in the
wide range of parameters in the room-T case is not seen, and
different AF metallic (AFM) states appear in Figs. 6(b) and
6(c), owing to the mixing between the L and Mσ orbitals.
In Fig. 7, we show the UL dependence of site occupation
number for the three kinds of orbitals together with the spin
moments on the L and Mσ orbitals. Figures 7(a)-7(c) corre-
spond to the cases in Figs. 6(a)-6(c), respectively. The right
and left panels in Figs. 7(b) and 7(c) are data along differ-
ent traces in the (UM, UL) plane, i.e., for UM = UL and
UM = 2UL, respectively.
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3.1.1 Room-temperature structure
The phase diagram in Fig. 6(a) shows no dependence on
UM; this is because the Mσ orbital is always nearly unoccu-
pied, as shown in Fig. 7(a). As UL is increased, the system
varies as PM → AFM → AFI states. Since only L sites pos-
sess magnetic moments, the magnetic phases are represented
as L-AFM and L-AFI in Fig. 7(a).
These results are almost identical to the results in ref. 18,
where the MF calculations were carried out for the three-band
model based on {Mσ, L} and assuming UMσ = UL. This is
consistent with the fact that the present results show an al-
most fully occupied Mπ orbital playing no role and having
no dependence on UM. As discussed there, the properties are
governed by L orbitals. Their occupation number of 1.5 to-
gether with the rather strong dimerization are consistent with
the fact that our results are analogous to the MF calculations
on two-dimensional 1/4-filled Hubbard models with dimer-
ization, e.g., as firstly performed on the model of κ-ET2X .37
The existence of the AFM phase in between the AFI and PM
phases is due to the imperfect nesting property of the Fermi
surface, where small magnetic moments cannot produce a
band splitting large enough to open up a gap on the whole
Fermi surface. As long as the system is in the AFM phase, the
spin moment on each site is less than 0.2 µB; this is also the
same as that in the three-band model..18
3.1.2 Low-temperature structure and reduced ∆0Mσ
The phase diagrams in Fig. 6(b) for the fitted results for
the low-T structure and in Fig. 6(c) for the room-T values
but with reduced ∆0Mσ share common features in their over-
all structure, but are very different from that in the room-T
case. Spin moments appear on Mσ orbitals when UM is en-
larged, however insulating states are not stabilized, at least,
for (UL, UM) ≤ 0.8 eV; the whole phase diagrams show
metallic states. The phase diagrams are devided into four re-
gions: PM, L-AFM, magnetic metallic states with moments
on Mσ sites [either antiferromagnetic (Mσ-AFM) or ferro-
magnetic (Mσ-FM)], and those with moments on both or-
bitals [L&Mσ-AFM or L&Mσ-FM]. These are common for
Figs. 6(b) and 6(c); therefore, the main variation from the
room-T structure to the low-T structure can be captured by
the reduction in ∆0Mσ . We note that the reduction in ∆0Mσ
when the room-T and low-T values are compared is about
0.05 eV, while other parameters only slightly change; the
phase diagram shows a marked change.
The L-AFM phase stabilized in the large-UL, small-UM re-
gion is the remnant of the L-AFI phase in the room-T pa-
rameters. Its ordering vector is the same and the amplitude
of magnetic moment is similar to that in the AFI phase in
Fig. 6(a). For example, in the left panel of Figs. 7(b), it reaches
0.37µB per site at UM = UL = 0.8 eV. Nevertheless, the sys-
tem does not turn into an insulating phase, which is due to
orbital mixing: The occupation numbers are 〈nMσi 〉 ≃ 0.1 and
〈nLi 〉 ≃ 1.45 for the low-T parameters, and 〈nMσi 〉 ≃ 0.2 and
〈nLi 〉 ≃ 1.4 for the reduced-∆0Mσ case, which are noticeably
shifted from the case of the room-T parameters. Then this
L-AFM state in the large-UL region can be considered as a
‘doped dimer-Mott insulator’ due to the mixing with the Mσ
orbital.
On the other hand, in the small-UL, large-UM region, the
Mσ-AFM or Mσ-FM state is stabilized. L sites remain para-
magnetic and the system is naturally metallic. The magnitude
of the moment appearing on Mσ sites is limited by its oc-
cupation number, as shown in Figs. 7(b) and 7(c), i.e., about
0.1-0.2µB. It is difficult to discuss the origin of each spin or-
dering vector for Mσ sites, qmag[Mσ], within our limited su-
percell size, since its small filling factor would typically favor
a longer periodicity. In fact, it takes different values delicately
depending on the parameters. However, we consider that the
region where spin moments appear is reasonable. Comparing
the phase diagrams in Figs. 6(b) and (c), the latter has larger
region of phases with moments on the Mσ orbital, owing to
the smaller ∆0Mσ and therefore the larger occupation number
in Mσ.
Even when we enter the region when both UM and UL are
large where spin ordering on Mσ and L sites coexist, the sys-
tem still remains metallic. Here, the spin moment on L sites
can be large similarly to that in the case of the L-AFM phase.
For example, in the left panel of Figs. 7(c), it reaches 0.35-
0.4µB per site at UM = UL = 0.8 eV. In this sense, this is
also the remnant of the L-AFI phase in the room-T parame-
ters, stabilized at similar interaction parameters. As shown in
Fig. 7(c), when the spin moment on L sites increases, that on
the Mσ orbital decreases, owing to the mismatch of their or-
dering vectors. This is in contrast with the case of Cu(tmdt)2,
as we will see in the next subsection.
We note that, in the case of the low-T parameters, there
is a wide region where the ordering vector is qmag[Mσ] =
(0, 0, 0), namely, the ferromagnetic (Mσ-FM) or ferrimag-
netic state when L sites also show spin moments (L&Mσ-
FM) is stabilized. This can be ascribed to the large density
of state at ǫF, due to the lower edge of the 1D band from
the Mσ orbital.16 In the room-T structure, this edge situates
just above ǫF, which becomes near it for the low-T parame-
ters. The states with qmag[Mσ] = (0, 0, 0) also appears in the
reduced-∆0Mσ case [see Figs. 6(c) and 7(c)].
3.2 [Cu(tmdt)2]
The MF ground-state phase diagram for [Cu(tmdt)2] is
shown in Fig. 8, while the parameter dependences of orbital
occupations and magnetic moments are shown in Fig. 9. Al-
though the Mπ orbital is off from the full occupation com-
pared with those in the other cases (see Table I), we find no
contribution of it to the magnetic properties; therefore, we can
set them aside again. The occupation numbers of the other
two orbitals are now rather close to 1, i.e., 1/2-filling. Then,
as discussed above, an AF insulating state with both Mσ and
L showing magnetic ordering (L&Mσ-AFI) is seen to be sta-
bilized in the region where both UL and UM are large. Its spin
pattern is the staggered one as is shown in Fig. 5(c). As shown
in Fig. 9(c), the spin moments on the L and Mσ orbitals de-
velop cooperatively as the interaction is enhanced.
In the large-UL, small-UM region, on the other hand, the
L-AFM state is stabilized, and vise versa, i.e., the Mσ-AFM
state is realized for the small-UL, large-UM region In these
states, the spin ordering vector is the same as that in the
L&Mσ-AFI phase [qmag = (π, π, 0)]; these states are contin-
uously connected. However, they cannot open an insulating
gap since, although the AF ordering provides a band splitting
at ǫF in the magnetic orbital sector, the remaining orbital is
paramagnetic with a Fermi surface. In other words, the spin
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ordering and band gap opening are orbital-selective. The crit-
ical value for the magnetic states is smaller for the Mσ-AFM,
consistent with the fact that Mσ sites have smaller transfer
integrals with a 1D structure than the L sites. As shown in
Fig. 9, the magnetic moment on each site can be large, owing
to the large filling factor near 1. In fact, the calculations show
a jump in the charge density on each site across the PM ↔
AFM boundary (first order phase transition), which results in
the occupation number for Mσ and L to be closer to 1 in the
magnetic phases, that is, 0.99 for Mσ and 1.08 for L, than in
the PM phase.
One point to note is that, although the phase diagram is
mostly dominated by the qmag = (π, π, 0) state, we find
many self-consistent solutions with very close MF ener-
gies in the region where Mσ orbitals are magnetic. In these
quasi-degenerate states, spin ordering vectors are of the form
qmag[Mσ] = (π, ∗, ∗) with ∗ = 0 or π, namely, only the 2a pe-
riodicity is robust. This suggests that the spin exchange cou-
pling between moments on Mσ sites is essentially 1D, which
is consistent with the fitted results in Table I where the A bond
along [100] has the largest Mσ-Mσ transfer integral. This is
also consistent with the first-principles calculations that com-
pare different magnetic orderings.21 On the other hand, the
L orbital always orders with qmag[L] = (π, π, 0): the two-
dimensional AF is stable at the MF level.
4. Discussion
In this section, we compare our MF results with experi-
ments on magnetic ordering in this family, keeping in mind
that, in the calculations, quantum fluctuations are neglected;
additional effects of such fluctuations as well as the possi-
ble strong correlation effect can be speculated on top of the
MF results. Discussions on [Cu(tmdt)2] is followed by that
on [Au(tmdt)2], since in the former we can have a consistent
explanation of the experiments. As for the latter, we present
several possible scenarios for the magnetic phase transition in
this compound, in light of considerations of its Cu analog.
4.1 [Cu(tmdt)2]
Let us give an explanation of the experimental results in
[Cu(tmdt)2] based on our calculations, in association with the
discussions in the literature.19–21 The experiments show an in-
sulating behavior in the resistivity, and the magnetic proper-
ties of a 1D Heisenberg spin S = 1/2 system likely due to
pdσ-MO, namely, the Mσ orbital.
The insulating state in our MF calculations is realized for
the L&Mσ-AFI phase (Fig. 8) when both UL and UM are
large. We can consider this state as a multiband Mott insu-
lator where both L and Mσ orbitals possess localized spins
of effective S = 1/2 each. In the MF calculation, this state is
accompanied by a three-dimensional AF ordering. We can de-
duce the additional quantum effect as a spin singlet formation
in the L network: the rather strong dimerization on B bonds
can bring about a nonmagnetic ground state in the L subunit,
as long as the other tlm values are small enough. Then the
active spin degree of freedom arises only in the Mσ sector.
It has a 1D character as discussed above, and therefore con-
sistent with the Mott insulating behavior with 1D S = 1/2
chains. This situation is schematically shown in Fig. 10(a).
Another scenario is that the system corresponds to the Mσ-
AFM phase in our MF phase diagram in the small-UL and
large-UM region (considering the relation UM ∼> UL), while
other effects beyond our calculation bring about the insulat-
ing behavior. In this MF solution, roughly speaking, the mag-
netic ordering brings about a gap at ǫF for the Mσ band, but
the L bands remains metallic. This corresponds to the state
found in the first-principles band calculation.21 One possibil-
ity is that, since, in this state, ǫF locates in the middle of L
bands, where the band overlap is small, a small perturbation
might bring about a band gap. This is now a band insulator
due to the dimerization in the L sector. Then the spin degree
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Fig. 10. (Color online) Schematic density of states (DOS) for possible sit-
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The band splittings compared with the situations in Fig. 4 are due to the for-
mation of Mott gaps, driven by UMσ for Mσ orbitals, while for L orbitals
driven by (a) UL and (b) the effective on-dimer Coulomb repulsion indicated
by U effL . Coherent peaks expected in such doped Mott insulating systems are
omitted as well.
of freedom is only from the Mσ orbital, again considered as a
Mott insulator, showing the same magnetic behavior as above.
The largest degree of dimerization in L sites among the cases
listed in Table I is consistent with both pictures.
4.2 [Au(tmdt)2]
There have been puzzling experimental data for
[Au(tmdt)2], as mentioned in § 1. Our MF results for
the room-T structure in § 3.1.1, which suggest that only L
orbitals are magnetically active, lead to the same conclusion
that we discussed previously,16–18 facing difficulties in
explaining the experimental results. The main problems were
as follows: (1) The AFM (spin-density-wave) state in the
calculations shows a small magnetic moment, whereas when
UL is increased to achieve a large moment state the system
enters the AFI phase, i.e., the dimer-Mott insulator. The
experimentally observed metallic ground state with a large
magnetic moment could not be reconciled. (2) Discussions
only involving the L sector are incompatible with the absence
of a sign of phase transition in the resistivity at TAF. Spin-
density-wave states due to the nesting of the Fermi surface
should result in a change in transport properties.
In clear contrast, on the other hand, the results of MF cal-
culations in § 3.1.2, using the low-T parameters [Figs. 6(b)
and 7(b)] as well as the reduced ∆0Mσ values [Figs. 6(c)
and 7(c)], show possible AFM states with larger magnetic mo-
ments. In these states, owing to the orbital mixing between
L and Mσ, AF ordering cannot open a gap at ǫF; therefore,
the system remains metallic. Such an involvement of multi-
orbitals also leads to possible explanations for the absence
of anomaly at TAF in the resistivity, suggesting that the mag-
netic and transport properties are carried by different degrees
of freedom. Below, let us propose two possibilities on the ba-
sis of our results, considering the strong correlation effect in
addition. We ascribe the regions where magnetic moments
arise in our calculations as doped Mott insulating states, as
discussed in § 3.1.2.
(i) {L: doped Mott insulator, Mσ: PM}. This corresponds
to the L-AFM state in our calculations. The L orbital forms a
dimer-Mott insulating state but doped with holes, which are
provided from the Mσ orbital remaining in a PM state. The
Mott gap is due to the effective on-dimer Coulomb interac-
tion, as indicated by U effL in Fig. 10(b) [case (i)].
(ii) {L: PM, Mσ: doped Mott insulator}. In the MF calcu-
lation, in the large-UM, small UL region, Mσ-AFM/FM states
are stabilized. If a similar picture of the Mott insulating na-
ture in scenario (i) is applied, this results in a situation shown
in Fig. 10(b) [case (ii)]. The Mott gap formation in the Mσ
sector is adopted from the discussions on [Cu(tmdt)2].
In both cases, the doped Mott insulating character will gen-
erate magnetism, while there exist carriers unchanged upon
magnetic ordering. In the MF phases corresponding to case
(i), large spin moments appear on L sites, whereas its order-
ing is expected to affect the transport properties since L bands
are mainly responsible for the conduction. On the other hand,
case (ii) is favorable in the sense that L bands are paramag-
netic and carries the charge transport, and then Mσ sites are
responsible for magnetism; such a picture has been proposed
on the basis of experimental considerations.38 The weaker
dimerization in L sites than in the Cu analog obtained in
our estimated transfer integrals may be a factor for stabiliz-
ing such a metallic L system. However, in our calculation the
magnetic moment on Mσ is small, limited by its occupation,
i.e., the small electron-doping level. This is not in agreement
with the argument. With enhanced mixing between the two
levels, approaching the situation in [Cu(tmdt)2] is expected
to bring about a possible reconciliation with the experimen-
tal results, although within our estimation of parameters such
a prominent mixing is not achieved. Future works including
that on the strong correlation effect are needed for further in-
vestigating this possibility.
Finally, the observed peculiarly high TAF is difficult to dis-
cuss from our calculation only for the ground state, and the
evaluation of transition temperature at the MF level is usu-
ally not reliable for comparison with experiments, especially
when the strong correlation is involved. The low dimension-
ality in both L and Mσ orbitals when considering intraorbital
transfer integrals is apparently incompatible with such a high
TAF, considering the fact that the energy scale is similar to
those of other molecular conductors showing lower transition
temperatures for magnetic ordering in general. One possibil-
ity is that doped carriers in mixed orbitals effectively make the
spin-spin interaction large, especially even in the c-direction
where the original parameters tlm among the L and Mσ or-
bitals are small, making the system three-dimensionally cou-
pled. Then the low-dimensionality embedded in each orbital
can be released to increase the critical temperature.
5. Summary
We have constructed effective models of single-component
molecular conductors [M (tmdt)2] (M = Ni, Au, and Cu)
showing a multiorbital nature. Tight-binding parameters are
obtained by a fitting to first-principles band structures. The
fragment molecular orbital picture leads us to a systematic
view of this family: the interplay between a characteristic
anisotropic electronic network and the orbital energy dif-
ference can tune electronic states using a different choice
of M , particularly that between the pdσ-type and pπ-type
orbitals. By taking into account the Coulomb interaction,
we discussed, for [Au(tmdt)2] and [Cu(tmdt)2], the mean-
field phase diagrams and magnetic solutions of our effective
model. In the former compound, we suggest that the mix-
ing between the two orbitals can play a key role in resolv-
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ing their puzzling experimental results. On the other hand, in
the latter, the existence of a multiorbital Mott insulator is sug-
gested, which is consistent with the experimental results. Both
of these cases are distinctive examples of molecular systems.
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